Introduction
The tremendous explore in the current antenna research include Frequency Reconfigurable Antennas that have * Corresponding author.
received a considerable attention due to its effective usage of the spectrum. The upcoming wireless communication systems like Radars and satellite communication requires frequency reconfigurability along with better frequency selectivity and reliable system performances. The other requirements like good Front to Back Ratio (FBR), suppression of the standing and surface waves, bandwidth enhancement, compact size and stable radiation patterns must also be satisfied.
Self Similar antennas are beneficial in reconfiguration because of their self similarity, recursive definition, compact size and multiband or wideband behavior. Its intricate shape leads to many electric current modes and thus gives rise to multiple resonances. These multiple resonances in turn are brought together and is made to overlap in order to achieve multiband or wideband [1] - [8] .
Reconfigurable Antennas efficiently utilize the frequency spectrum by modifying its frequency and radiation characteristics in a controlled mode [9] - [12] . Frequency Reconfigurable Antennas are generally recognized by the usage of PIN diodes, Varactor diodes or Micro Electro Mechanical Systems (MEMS). PIN diodes are commonly used in frequency reconfigurable antennas because they are inexpensive and are abundantly available on the market. However the high power loss and deprived quality factor restrict its applications [13] - [16] . The application of varactor diodes in antennas has continuous frequency tuning ability and simplified circuit complexity. But it has the disadvantages like low dynamic range, high power loss and nonlinearity [17] - [20] . MEMS switches have some benefits over PIN diodes and varactor diodes such as lower insertion and power losses, higher linearity and higher quality factor. Though the disadvantages of MEMS switches like longer switching time and higher control voltage can be overcome using structural alteration of MEMS switches. So for better switching characteristics MEMS switches are preferable for Frequency Reconfigurable Antennas [21] - [24] .
In order to reduce standing waves and to achieve good FBR the antennas are modeled over a metal sheet which acts as a reflector or ground plane. The ground plane redirects half of the radiation in the opposite direction. When the antenna element is too close to the ground plane image currents cancel each other and lead to poor radiation efficiency. Also, practically the edge of the finite ground plane gives rise to multipath lobes and more power is wasted in the backward direction. So always a quarter wavelength spacing is required between the antenna element and the ground plane. In Frequency Reconfigurable Antennas the configuration requires different quarter wavelength spacing to achieve different operating frequency bands which are difficult to be achieved using a single ground plane reflector. To overcome this problem the High Impedance Surface (HIS) like Electronic Band Gap (EBG) can be used which has unique characteristics like surface and standing wave suppression and in-phase reflection phase characteristics. EBG can be placed only at several tenths of wavelength between the antenna element and the ground plane for all operating frequency bands [25] - [28] .
In this paper, the proposed Reconfigurable Rectangular Slotted Self Similar Antenna can operate in three frequency bands, i.e. K-band, Ku-band, and Ka-band, by changing the states of RF MEMS switches. The proposed antenna provides reconfiguration along with size compatibility. In order to achieve a good return loss, FBR and VSWR at resonant frequencies, a triple-band EBG is presented as a reflector, which has in-phase reflection bands and out of phase reflection bands for all the above mentioned three bands. So the antenna configuration has a unified profile thickness of 1.75 mm for different frequency reconfigurable bands. The simulated results reveal that when the ground plane is replaced by EBG structure, there is tremendous improvement in antenna performance like bandwidth, VSWR, FBR and return loss along with size compaction.
Proposed Method
Rectangular Slotted Self Similar Antenna using RF-MEMS switching elements is proposed for Radar and satellite communication applications. Both the arms of the Rectangular Slotted Self Similar Antenna undergoes two iterations at different scales and placed in the form of a bow tie structure. A RF-MEMS switch used here is a two port network that is used for making or breaking a RF circuit. MEMS switches provides higher isolation, low losses and capability to operate at very high frequencies with limited power handling ability and reducible dc voltage and so it is well suited for frequency reconfiguration. Generally a metal sheet is used in antennas as a reflector, which will pass on one-half of the radiation in the reverse direction. The image currents cancel the current in the antenna when it is placed too close to the metal sheet which in turn gives rise to surface waves. Therefore, a quarter-wavelength spacing is required between the radiating patch and the ground plane. This problem can be addressed by using an Artificial Magnetic Conductor (AMC) which can be placed only at a number of tenths of a wavelength at the operating frequency between radiating element and ground plane.
The High-Impedance Surface (HIS) are usually recognized by periodic metallic patches, dielectric structures or metallic-dielectric structures. They have two exceptional characteristics: the surface wave reduction feature and the in-phase reflection phase property. Due to their exclusive characteristics, HIS-EBG structures have occupied a good deal of attention. In this paper the proposed antenna can provide Ultra Wide Band (UWB) range of frequencies in K-band, Ku-band, and Ka-band, by changing the states of RF MEMS switches. In order to achieve a modest design and good return loss in resonant frequency range, a triple-band HIS is presented as a reflector. The proposed antenna is placed over a ground plane with a finite distance of 0.5 mm between antenna and ground plane, over a ground plane with λ/4 spacing of 2 mm between the antenna and ground plane and over HIS-EBG structure. The results reveal enhancement in antennas performance like VSWR, FBR and bandwidth when it is placed over HIS comparatively with the antenna element placed over the ground plane with finite distance and λ/4 spacing. Figure 1 shows the geometry of the proposed frequency reconfigurable self similar antenna. The two arms of the Rectangular Slotted Self Similar Antenna are printed on opposite sides of the dielectric substrate in the form of a bow tie structure and is fed by using a micro strip line. As illustrated in Figure 1 , l is the total length of antenna arm, w is the width of antenna arm, a, b and c refer to rectangular slotted patch width at different scales. In order to satisfy the requirement of reconfigurable frequency bands, the scale factor is a:b:c = 1:1:1. The parameter values of proposed antenna are as follows l = 7.5 mm, w = 4 mm, a = 1 mm, b = 1 mm, c = 1 mm.
Design of Proposed Rectangular Slotted Self Similar Antenna
The RF MEMS switches are of dimension 0.3 mm × 0.2 mm. It can be seen that only two switches in one arm are needed to control three states, and the corresponding switches in two arms are controlled by DC biasing voltage simultaneously. When both S1 and S2 switches are ON, the antenna works in Ku-band. When S1 is ON and S2 is OFF, the antenna operates in K-band. When both S1 and S2 are OFF, the antenna will operate in Ka-band. 
Design of RF MEMS Switch
A RF switch is a two port network that is used for making or breaking a RF circuit. The traditional RF switches based solid state devices like diodes and transistors are limited in performance because of low power handling ability, high resistive losses,etc. MEMS switches are more popular because of higher better isolation, low losses and ability to operate at very high frequencies but with limited power handling capability and reducible DC voltage. A shunt capacitive MEMS switch consists of a thin metallic membrane bridge suspended over the center conductor of a micro strip line. RF MEMS switch uses the same substrate of the antenna with a substrate of thickness (t d ) and dielectric constant (ε r ). The physical parameters like length (l) and width (w) are assumed according to the antenna design with characteristic impedance z 0 = 50. The above mentioned parameter values are taken as t d = 0.254 mm; ε r = 2.94; l = 0.3 mm; w = 0.2 mm for the design of both upstate and down state as shown in Figure 2 .
The up state capacitance comprises of fringing capacitance and parallel plate capacitance and is given in Equation (1) as
The down state capacitance is obtained using Equation (2) 0
where A-area of the overlaying bridge, t d -thickness of the substrate, g 0 is the initial gap between the CPW center conductor and the MEMS membrane. The shunt switch is placed in shunt between the transmission line and the ground. Depending on the applied bias voltage, it either leaves the transmission line undisturbed or connects it to the ground. Therefore the ideal shunt switch, which results in zero insertion loss when no bias is applied (Up state position) and infinite isolation when bias, is applied (Down state position).
The switching action in upstate is the reverse action in down state. From Figure 3 and Figure 4 it is clear that in on and off states it produces a negligible insertion loss and high isolation for very high frequencies i.e.) even up to 30 GHz. The insertion loss so produced is less than −0.03 dB.
Design of High Impedance Structure
High Impedance Surface EBG (HIS EBG) structure, provides high surface impedances for both Transverse Electric (TE) and Transverse Magnetic (TM) waves and can suppress surface wave propagation at certain fre- quency band gap. The proposed HIS is shown in Figure 5 , which consists of an array of square metal patches on the top surface that are overwhelmed in order to produce in-phase reflection in the desired bands and a metal sheet on the bottom surface of a substrate. They are arranged in a two-dimensional lattice, without metal plated vias. As shown in Figure 5 , w is the width of the square patch, s is the width of the square slot, n is the width of the inner patch, g is the gap width, t is the substrate thickness, and ε r is the permittivity of the dielectric substrate. The initial HIS parameter values are given as follows: w = 3.5 mm, s = 0.25 mm, n = 2.5mm, g = 1 mm, h = 1.5 mm, ε r = 3.
Wavelength is given in Equation (3) as
where C is the speed of the light and f 0 is the operating frequency. Inductance is given in Equation (4) 
Capacitance is given in Equation (5) as
Resonant frequency is given in Equation (6) as
where w is the width of the patch, s is the width of the square slot, g is the gap width, h is the substrate thickness, ε r is the permittivity of the dielectric substrate. Length of the patch must be quarter the wavelength and is obtained as 3.5 mm.
From Figure 6 it is clear that the reflection phase characteristics varies from ±180 degree and also at 0 degree in K-band, Ku-band and Ka-band and hence it acts as both Perfect Electric Conductor (PEC) and Artificial Magnetic Conductor(AMC) and thereby reduces or suppresses the standing waves. The in-phase reflection bands may be obtained from ±90 degree and are obtained at 14.5465 GHz, 22.7838 GHz, 24.4234 GHz, 28.1321 GHz and 32.0360 GHz, respectively. The square slots impressed in the square patches play an important role to produce in-phase reflection bands.
Performance Analysis of Rectangular Slotted Self Similar Antenna
Current Distribution pattern shows how the current has been distributed in the antenna patch through the feed element. Figure 7 shows the current distribution of the proposed Rectangular Slotted Self Similar Antenna in Ka-band i.e. both switches in OFF state, K-band i.e. S1 in ON state and S2 in OFF state and Ku-band i.e. both switches in ON state.
Due to the presence of switches S1 and S2 the current propagation is blocked in corresponding antenna patch area when they are in off state. When S1 and S2 are in on state the current propagates freely throughout the entire antenna patch area.
Antenna Placed over PEC with Minimum Substrate Thickness (0.5 mm)
The proposed antenna is placed over PEC with reduced substrate thickness of 0.5 mm. When both S1 and S2 are OFF, the antenna operates in Ka-band. When S1 is ON and S2 is OFF, the antenna operates in K-band. When both S1 and S2 are ON, the antenna operates in Ku-band.
While placing the antenna over PEC with minimum substrate thickness of 0.5 mm there occurs poor antenna performance due to fringing effects and image current cancellation by the ground plane as shown in Figures  8-10 . So quarter wavelength spacing is required between the antenna element and ground plane. When S1 and S2 are OFF, the Frequency Reconfigurable Antenna works in Ka-band alone. The operating frequency so obtained in the Ka-band is at 31.61 GHz. When S1 is ON and S2 is OFF, the Frequency Reconfigurable Antenna works in K-band and Ka-band. The operating frequencies so obtained in the K-band and Ka-band are at 23.77 GHz and 33.17 GHz. When S1 and S2 are ON, the Frequency Reconfigurable Antenna works in all the three bands. The operating frequencies so obtained in the three bands are at 16.133 GHz, 25.8065 GHz and 31.9769 GHz. But while placing the antenna over PEC with minimum substrate thickness of 0.5 mm, standing and surface waves occurs due to which the VSWR of the antenna exceeds 2. Also the FBR is not upto the expected level. 
Antenna Placed over PEC with Quarter Wavelength Substrate Thickness (2 mm)
In order to avoid the fringing effects and to suppress surface and standing waves quarter wavelength spacing is required between the ground plane and the antenna element. Infinite ground planes provide no radiation in backward direction. But practically ground plane with finite distance from the antenna element are preferred. Due to this the edges of the ground plane contributes multipath lobes and nulls at various angles. So, more power is wasted in the backward direction. Figures 11-13 shows the return loss performance of the antenna in Ka-band, K-band and Ku-band respec- tively. Figures 14(a)-(c) shows the radiation pattern of the antenna in Ka-band, K-band and Ku-band respectively. It is clearly shown that the performance has been improved only for Ka-band and not for the other bands. Because in the proposed method the quarter wavelength spacing is given according to the maximum frequency band. However for a Reconfigurable Antenna the antenna structure requires different quarter wavelength spacing according to the different operational frequency bands. For e.g. Ka band requires a quarter wavelength spacing of 2 mm, K band requires a quarter wavelength spacing of 3.5 mm and Ku band requires a quarter wavelength spacing of 5 mm. This is difficult to be adjusted by using a common ground plane. When S1 and S2 are OFF, the Frequency Reconfigurable Antenna works in Ka-band alone. The operating frequency so obtained in the Ka-band is at 24.467 GHz. When S1 is ON and S2 is OFF, the Frequency Reconfigurable Antenna works in K-band and Ka-band. The operating frequencies so obtained in the K-band and Ka-band are at 21.65 GHz and 32.2031 GHz. When S1 and S2 are ON, the Frequency Reconfigurable Antenna works in all the three band. The operating frequencies so obtained in the three bands are at 16.6016 GHz, 23.8719 GHz and 32.9832 GHz. The normalized radiation patterns of the proposed Rectangular Slotted Self Similar Antenna shows the presence of side lobes and backward radiation. In order to suppress backward radiation HIS EBG structures may be used.
Antenna Placed over HIS EBG with Unified Substrate Thickness
In order to avoid the fringing effects by the ground plane and to overcome the quarter wavelength spacing from the ground plane, HIS EBG structures can be used with a substrate thickness of 1.5 mm. Thus the total profile thickness of the proposed antenna with HIS is 1.75 mm. HIS EBG structure, provides high surface impedances for both Transverse Electric (TE) and Transverse Magnetic (TM) waves and can suppress surface wave propagation at certain frequency band gap. Figures 15-17 shows the return loss performance of the antenna when placed over HIS EBG in Ka-band, K-band and Ku-band respectively. Figures 18(a)-(c) shows the radiation pattern of the antenna in Ka-band, K-band and Ku-band respectively. It is clearly shown that the performance has been improved for all the three bands.
When S1 and S2 are OFF, the Frequency Reconfigurable Antenna works in Ka-band alone. The operating frequency so obtained in the Ka-band is at 24.7339 GHz and 28.1935 GHz. When S1 is ON and S2 is OFF, the Frequency Reconfigurable Antenna works in K-band and Ka-band. The operating frequencies so obtained in the K-band and Ka-band are at 20.5332 GHz and 27.5227 GHz. When S1 and S2 are ON, the Frequency Reconfigurable Antenna works in all the three band. The operating frequencies so obtained in the three bands are at 16.3519 GHz, 22.0894 GHz and 27.7099 GHz. The normalized radiation pattern of the proposed Rectangular Slotted Self Similar Antenna when placed over HIS EBG shows the suppression of side lobes and backward radiation.
From Table 1 it is clear that the VSWR, FBR and Bandwidth efficiency of the proposed Rectangular Slotted Self Similar Antenna over HIS-EBG is better when compared with the VSWR, FBR and Bandwidth efficiency of the proposed Rectangular Slotted Self Similar Fractal Antenna over PEC. 
Conclusion
The proposed frequency reconfigurable Rectangular Slotted Self Similar Antenna is integrated with High Impedance Surface for better performance and low profile design. Less number of RF MEMS switches is used to perform the frequency reconfiguration in three bands namely Ku-band, K-band and Ka-band. RF MEMS switches offer low loss and high isolation. The use of self similar structures in antennas offers broadband and multiband frequency response, compact size and robustness. The proposed reconfigurable antenna is first placed over PEC with minimum substrate thickness of 0.5 mm and at quarter wavelength spacing. The simulated results reveal that there occurs some problem due to fringing effects and requirement of unified quarter wavelength spacing during reconfiguration. In order to overcome such problems it is then placed over HIS EBG structure. The results reveal enhancement in antennas performance like VSWR, FBR and bandwidth when it is placed over HIS EBG, also an unified profile thickness of 1.75 mm is used to achieve frequency reconfiguration in all the three bands.
